Introduction
In this paper the term landslide refers to rock-slope failures (RSFs) in the form of rockslides, rock avalanches, major rockfalls, toppling failures, deep-seated rock-slope deformations and complex failures involving two or more types of movement. Landslides are a pervasive feature of mountainous terrain in the Scottish Highlands. Watters (1972) and Holmes (1984) showed that large postglacial landslides are widespread on metasedimentary rocks, particularly schists, and a compilation of documentary evidence (Ballantyne 1986 ) identified 564 RSFs in the Highlands and Hebrides. Jarman (2006 Jarman ( , 2007 Lomond Readvance (the glaciers that culminated during the Loch Lomond Stade (LLS) of ~12.9-11.7 ka) occurred during the Lateglacial period, the interval between ice-sheet deglaciation (~17-15 ka, depending on location) and the end of the LLS at ~11.7 ka. Analysis of the timing of 20 Lateglacial RSFs suggests that landslide activity peaked within two millennia following ice-sheet deglaciation in response to (i) progressive weakening of rock slopes due to deglacial stress release and associated propagation of internal joint networks, and (ii) seismic activity associated with fault movements due to rapid glacio-isostatic uplift (Ballantyne et al. 2014a (Ballantyne et al. , 2014b . It follows that inside the limits of the Loch Lomond
Readvance many large catastrophic RSFs must also have occurred during the Lateglacial period, but that the resultant runout debris has been removed by glacier ice. The sites of such 'debris-free' RSFs take the form of landslide scars on mountainside slopes, typically characterised by steep headscarps, planar or stepped failure planes, sidescarps, tension cracks above headscarps and, more rarely, detached landslide blocks near the crest of the failure plane (Ballantyne 2013; Cave & Ballantyne 2016 ).
The fate of landslide runout debris removed by Loch Lomond Readvance glaciers is poorly understood. At a few sites, landslides appear to have deposited debris directly on to the surfaces of these glaciers, which then transported it farther downvalley (Peacock 1975; Robinson 1977; Ballantyne & Stone 2013) . Benn (1989) A further possibility is that Loch Lomond Readvance glaciers over-ran and modified
Lateglacial landslide debris at some sites. Glacial modification of very large landslide blocks is evident on the Trotternish Peninsula on Skye, where successive ice sheets have smoothed and moulded displaced masses of basaltic lavas east of the zone of postglacial slope failure (Godard 1965; Ballantyne 2007a Ballantyne , 2016 . The Trotternish landslides, however, are exceptional in that they involved foundering, sliding and lateral displacement of exceptionally large blocks of basaltic lava up to 300 m thick that have resisted entrainment by glacier ice, and are both structurally and morphologically unrepresentative of RSFs elsewhere in Scotland. In this paper the evidence for glacial modification of Lateglacial landslide runout debris is described with reference to an apparently 'debris free' RSF site at Sgùrr nan Ceathreamhnan in the NW Highlands.
Sgùrr nan Ceathreamhnan
Sgùrr nan Ceathreamhnan (NG 057228; 57°15'N, 05°14'W; Figure 1 ) is located on the main N-S watershed in the Kintail area of the NW Highlands. The highest parts of the mountain consist of twin summits, the East Top (1151 m) and West Top (1143 m). These are 500 m apart and linked by a narrow arête formed by a major landslide south of the summit ridge ( Figure 2a ). The mountain and adjacent low ground are underlain by pelitic and psammitic schists (May et al. 1993) . South of the summit arête these are strongly foliated, fractured and dip steeply (65°) southwards, forming the backscarp of the landslide (Figure 2b ).
During the Last Glacial Maximum of ~26-19 ka, the mountains of Kintail were completely buried under the last Scottish Ice Sheet; Hughes et al. (2014) calculated that the LGM ice divide over northern Scotland must have exceeded ~1400 m relative to present sea level. By ~16.0 ka summits in Wester Ross and adjacent areas had emerged from the ice (Fabel et al., 2012) , and it is likely that all low ground in the area was deglaciated by, or shortly after, the onset of rapid warming that heralded the beginning of the Lateglacial Interstade of ~14.7-12.9 ka (Ballantyne & Small 2018) . Glacier ice reoccupied the corries and valleys the Kintail (Figure 1 ), and fed a large valley glacier that terminated 25 km to the east at the mouth of Glen Affric (Bennett & Boulton, 1993a , 1993b . In terms of this interpretation, there are two possible scenarios. First, it is possible that the rock avalanche occurred when a small residual glacier occupied Coire an Allt Tuirc during the final stages of ice-sheet glaciation (~15.0-14.5 ka), so that landslide debris was spread over the ice surface, forming hummocky stagnant ice topography as the ice downwasted. This scenario, however, requires the residual ice body to have been stagnant and immobile at the ) and the Beinn Alligin rock avalanche in Torridon, which involved debris runout of 1.25 km (Ballantyne & Stone 2004) . In his classic analysis of this phenomenon, Hsü (1975) suggested that excess runout distance (L e ) could be approximated by:
where L and H are respectively the total horizontal and vertical distances from the crown of the slide scar to the toe of the runout debris (Corominas 1996) , and tan φ is the coefficient of sliding friction. Hsü (1975) Although it has been widely accepted that excess runout represents movement by large-scale grainflow, most early explanations of this phenomenon involved particular topographic circumstances, runout over water-saturated or deforming substrates, or physical processes of questionable validity (Campbell, 1989; McSaveney & Davies 2007) . A more plausible model, outlined by Campbell (1989) and elaborated by Cleary & Campbell (1993) , explained excess runout in terms of development of a thin layer of highly-agitated particles that reduce friction at the base of the mobile debris. More recently, it has been proposed that excess runout (and the motion of large rockslides in general) can be explained by crushing of grains under large dynamic stresses, causing fluid-like behaviour that lowers the frictional resistance to flow (Davies & McSaveney 2002; Davies et al. 1999 Davies et al. , 2010 McSaveney & Davies 2007 ).
Irrespective of the runout mechanism involved, it is proposed here that the landslide debris initially formed hummocky terrain that was subsequently modified by the glacier that the corrie glacier was warm-based, and hence capable of sliding over its bed and eroding the landslide debris through a combination of abrasion, quarrying (plucking) of debris from the lee sides of hummocks and entrainment of loose debris that was frozen on to and incorporated within the base of the ice. The resultant streamlined mounds are therefore not moraines but the products of subglacial erosion, broadly similar in morphology to both whalebacks (ice-moulded bedrock forms) and small drumlins (ice-moulded drift features), though it is likely that their present planform (circular, elliptical or elongate) was dictated by that of the original landslide hummocks. A possible alternative explanation, also consistent with the available evidence, is that the runout debris was not hummocky but characterised by zones of variable resistance to subglacial erosion (e.g. large semi-intact landslide blocks) that were subsequently transformed by subglacial erosion into streamlined hummocks and intervening depressions. Cook et al. (2013) have described the characteristics of rock-avalanche debris that was overrun by a minor (~400 m) readvance of the margin of Feegletscher (Switzerland), and remained buried under the glacier for 10-40 years. Subsequent retreat of this glacier has exposed the over-run debris, which exhibits very limited modification; over-run boulders have retained their angularity and brecciation, and form small (~1 m high) hummocks consisting of angular metre-scale boulders covered by a drape of diamicton. Lack of glacial modification of the over-run rock avalanche debris was attributed by Cook et al. (2013) to 'armouring' of the runout deposit by a surface cover of large boulders that resisted subglacial entrainment. Their study confirms that coarse rock avalanche debris may survive overrunning by glacier ice, as postulated above, but is not strictly comparable to the situation at Sgùrr nan Ceathreamhnan. This is because they investigated over-running of coarse debris by a thin, low-gradient glacier over a period of less than 40 years, whereas the Loch Lomond Readvance glacier that occupied Coire an Tuirc must have been at least 100 m thick, probably had a moderate to steep surface gradient and persisted for at least 500-1000 years.
Discussion
As the shear stress generated at the base of glaciers scales directly with ice thickness and nonlinearly with ice surface gradient, the basal shear stress of the glacier that formerly occupied Coire an Tuirc must have been much greater than that at the base of Feegletscher, permitting progressive erosion of rock-avalanche runout debris over a much longer timescale.
Conversely (but speculatively), it seems probable that the hummocks in Coire an Tuirc have A possibly analogous site has also been described in Cwm Cerrig-gleisaid, in the Brecon
Beacons of South Wales. At this site the upper part of a kilometre-long flowslide or excessrunout rock avalanche deposit is crossed by a zone of low mounds and ridges that Shakesby and Matthews (1996) attributed to modification of runout debris by a small (~0.25 km 2 ) corrie glacier that occupied the upper corrie during the Loch Lomond Stade. Within the inferred glacier limit, clasts exhibit generally greater edge-rounding and some are striated. Streamlined forms such as those described in the present paper are absent, but given the very small size and probably limited lifespan of the inferred Cwm Cerrig-gleisaid palaeoglacier, the features described by Shakesby & Matthews (1996) probably represent an early stage of runout debris modification, whereas those in Coire an Tuirc represent a much more advanced stage. 4. This interpretation implies that the rock avalanche experienced excess runout of ~800-900 m, and that the glacier that subsequently reoccupied the corrie was warm-based, permitting subglacial erosion of the rock avalanche tongue.
Conclusions
5. Wider implications of this interpretation are: (i) that Loch Lomond Readvance glaciers did not invariably evacuate debris from Lateglacial landslides, as previously supposed; in some cases, landslide debris survived (but was modified by) glacial erosion and entrainment; (ii) some areas previously mapped as hummocky (recessional or icestagnation) moraines may represent glacially-moulded landslide runout debris.
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